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A COMPARISON OF THREE NAVIER-STOKES
SOLVERS FOR EXHAUST NOZZLE FLOWFIELDS

Nicholas J. Georgiadis Dennis A. Yodef and James R. DeBonis
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract design is a two-dimensional mixer-ejector, which

A comparison of the NPARC, PAB, and mixes the high speedlow from the engine core
WIND (previously known as NASTDNavier-Stokes (Primary flow) —with  entrained external flow
solvers is madeor two flow caseswith turbulent (steccl)ndary_ﬂc;w).l T_t:e ml()j(er? flow exgs thmlozgle
mixing as the dominant floweharacteristic, awo- at a lower Jet velocily and hence produces esse
dimensional ejector nozzle and a Madtb elliptic than an eqqlvalent u_nsuppressed noz;le.addlt|qn,
. A . . . high thrust is maintained due to the ejector action.
jet. The objective of thevork is to determine if

comparable predictions of nozzlélows can be Reynolds-averaged ~Navier-Stokes ~ solvers

obtained from different Navier-Stokes codes have been used extensively by members of the

employed n a'mult|pI(.a site_researghrogram. A NASA-industry team to analyzecandidate mixer-
single computational grid was constructed for each oé

the two fl q ibr all of the Navier-Stok jector nozzle configurations. However, with a
€ two Tlows and usetbr ail ol the Navier-Sokes  yigtarent Reynolds-averaged Navier-Stokes (referred
solvers. In addition, similar k-based turbulence

. to hereafter as “Navier-Stokes”) solver used h
models were employed in each code, aimjmdary' of the participating organization)s, it is not cliggt
Gesults obtained at multiple sites are comparable. As
. an example, consider that one site obtafiwwv
epredictions (thrust, extent of mixing, etc.) forgaven

ozzle that are different from predictioobtained at
nother sitefor a second nozzle. The question will
rise as to whether the differences are duedde
ssues (different Navier-Stokes codes @ode
settings), realisticflow physics, or acombination.
As a result, it is necessary to understand the
capabilities and differences of these codes in order to

However, for the Mach 1.5 elliptic jet, the .o oq1ts from different NavieBtokes codes in a
calculations were unable to accurately capture thgingle research program such as this HB&zzle

development of the three dimensional elliptic mixingdevelopment effort
layer. '

made between the computations aexperimental
data. The computational cost of obtaining converge
solutions with each of the codes is also documente
Results indicate that all of the codes provide
similar predictions for the two nozzle flows.

Agreement of the Navier-Stokes calculations with
experimental data wagood forthe ejectornozzle.

Introduct The results of a previous study (Ref. 1)
‘ntrocuction. indicated that similar Navier-Stokes predictions

In the High Speed Research (HSR) program . . o
the National Aeronautics and Space AdministrationCOUId be obtainedirom different organizations for

(NASA) and its aerospacéndustry partnershave WO baseline flows, a supersonicound jet and
been developing the necessary technologims a Ccompressible planar shear layer. However, other
future commercial supersonic passengemansport. HSR studies in which more geometricalbomplex
One major focus of the HSR program is thenozzle configurations were examined (also involving
collaborative development of an exhausbzzle multiple organizations) indicated a broader range in
which reduces jet noise at take-off whiteaintaining results. One such study, described in Ref. 2, was a
high thrust levels. The currently favoremozzle transonic boattail drag study in which tipeedicted
boattail drag varied by over a factor of two from one
organization to anotherfor some of the cases
examined, evemwith using the sameomputational

*Research Engineer, Nozzle Branch, Senior Member AlAA.
tResearch Engineer, Nozzle Brandhember AIAA.
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grid and boundary conditions. Another isnaore PAB: PAB is a Navier-Stokes code originally
recent study where several members of the HSHKeveloped and supported byNASA Langley
NASA-industry team obtained predictiofigr a large  Research Center (Refs5-7). Recently, the
scale mixer-ejector nozzle, in which themere responsibility for development andupport of PAB
significant differences in predicted thrust levels andwvas transferred to AS&M, Inc., with the primary
pumping ratios. code author still serving as the main developer. PAB
solves the Navier-Stokes and turbulenegquations
In the current study, three general purposealiscretized in finite volumdorm. The default third
Navier-Stokes solvers that have been employed torder upwind Roescheme was employedor the
analyze complex nozzle configuratiof® the HSR calculations obtained here, althougther schemes
nozzle program (and which areccessible to the such as that due to Van Leer are availabl&rid
authors) are compared for two nozzle cases lilaate  sequencing is available in PAByhich allows for
flow features representative of mixer ejectuwwzzles fast initial flowfield development using a
(i.e. turbulent mixing is the dominantflow computational grid with a fraction of the points of the
characteristic). They are a two-dimensiomgéctor final grid (i.e. every other point ineach
nozzle and a supersonic elliptic nozzle exiting intocomputational direction). Several two-equation
ambient air. Comparisons of code predictions tanodels are available in PAB, includinglgebraic
experimental data are mader each of thenozzle Reynolds stress formulations. In the currehidy,
flow cases to determine relative accuracy of thehe low Reynolds number &<turbulence model due
three codes. In addition, comparisons of cegeed to Launder and Sharma (Ref. 8) was used.
and other factors affecting usage are made herein.
For each of the nozzle cases considered, a commaMIND (NASTD): The WIND Navier-Stokes solver is
computationalgrid was usedfor each of theflow a general purpose Navier-Stokes solver that is the
solvers, although the grid blocking structdos each new production flow solver of the NPAR@Iliance
code was different to enable the most efficiesage (Ref. 9). The code has its foundation in tHASTD
of each code. In addition, the ek{or equivalent) code (Refs. 10 and 11) developed and used by the
turbulence models in each code that generally McDonnell Douglas Corporation (now Boeing-
used for most mixer nozzle applications witthat St.Louis), and has recently been modifiediriolude
code are employedor the calculationsobtained some features of the NPARC amXAIR (Ref. 12)
here. No compressibility or other corrections to thecodes. Several optiorfer the discretization of the
turbulence models were used in this study. A brieNavier-Stokes equations are availablayith a
description of the three codes examined in this studgnodified second order Roascheme for stretched
is presented in the next section, followed bygrids (described in Ref. 11) usetbr these nozzle

discussion of the nozzle flow cases and results. studies. Of the several turbulence modeisilable
in WIND, two low Reynolds number modelwere
Navier-Stokes Solvers employed for this study. The first is the Menter two

equation model (commonly referred to as the SST
NPARC: The NPARC code is a Navier-Stokes model) which is ahybrid k-w / k- two-equation
solver that has been jointly supported BDASA  model with k& used in near wall regions andek-
Glenn Research Center amdlS. Air Force Arnold used away from the wall and in free shdayer
Engineering Development Center through theregions (Refs. 13,14). The second is the Chiem k-
NPARC Alliance (Ref. 3). NPARC solves the model, which was incorporated into WIN&milarly
Navier-Stokes equations discretized in aentral to the model available in NPARC.
finite difference form, which requires the use of
explicit artificial viscosity for stability. Several Results
turbulence models are availableanging from
algebraic to two-equation models. The Chien lowTwo-Dimensional Ejector Nozzle
Reynolds number k-turbulence model (Ref. 4) was The first nozzle case examined in this study
used for the mixing studies investigated hefghese is a two-dimensional ejector nozzle tested by Gilbert
k and € equations are solved uncouplddbm the and Hill (Ref. 15). A schematic of theejector
Navier-Stokes equations using an upwitdased nozzle test case ishown in Fig. 1. This flow is
solver. dominated by mixing of the primanflow with

NASA/TM—1999-209184 2



entrained secondaryflow and is similar in and PAB using a subsonic infloalso known as
fundamental operation to nozzles that habeen free) boundary condition. The WIND codamploys
investigated in the HSR program. In th&periment, a characteristic-baseloundary conditiorfor inflows
a suction system was used in the sidewallskeep which does not enable exact specification of the
the flows as two-dimensional as possible bytotal temperature. However, the maximwariation
eliminating the blockage due to thesidewall of the total temperaturdrom that desired at the
boundary layers. primary and secondary inflows was less than one
degree Rankine.
A grid having 131 points in thaxial (flow)
direction by 121 points in the vertical direction was Velocity profiles obtained from the
constructed for use with each of the three codes. Thmalculations are compared to experimental data in
results of Refs. 16 and 17 showed that 4dFig. 2. The axial positions were measured relative to
computationalgrid having approximately 10@xial the primary nozzle exit plane and theertical
grid points in similar mixing layers was sufficient to positions are measured relative to tleenterline.
provide solutions that did not change wabditional The latter were nondimensionalized by thecal
grid points. In particular, Ref. 17 indicated thlgatds  half-duct height H. The velocity profiles at 3, 5, 7,
having 131 and 251 points in the axidirection and 10.5inches downstream of the primaryozzle
produced identical results for this ejector nozfttev  exit plane indicate that the predictiofrem the four
using NPARC with the Chien &-turbulence model. cases are quite similathroughout the mixing
The grid used here was packed to solid surfaeesh section, although the PAB (- and WIND (SST)
that the first pointoff of the wall corresponded to a results indicate slightljower peak velocities than
y+ between 1 and 2, depending on the loflalv  the NPARC (ke) and WIND (ke€) solutions that
conditions.  For the two-dimensional version ofwere obtained with the Chien model. Profiles of
NPARC, the single block grid with nmodifications turbulent viscosity, shown in Fig. 3, alsadicate
to the two-dimensional grid structure was used. Fohigher turbulence levels predicted by the PABe]k-
PAB and WIND, the grid was first broken intbree and WIND (SST) solutiongor this case. Masflow
blocks for the primary inflow, secondary inflow, and rates were integrated across the primary and
mixing regions. In addition, since single versions ofsecondary flow paths usingeach of the four
PAB and WIND are usedor both two and three converged solutions and are compared to
dimensional cases, a third grid dimension wdsled experimental datdrom Ref. 15 inTable 1. The
having two pointsfor PAB and one poinfor WIND.  resulting pumping ratios (primary mass flovate
Because the geometry of the nozzle ssmmetric divided by secondary mass flovate) from these
about a plane passing through tlenter of the solutions are very similar teach other but slightly
ejector nozzle assembly, only one half of #jector lower than that indicated by the experimental data.
nozzle was modeled for all codes.
Table 1. Mass Flow Information for Two-

Wherever possible, default settinf each Dimensional Ejector Nozzle Calculations
of the three codes were used. A section latethis Primary Secondary
report will discuss particular findings of this study in Mass Flow Mass Flow Pumping
which non-standard code settings were required to Case Rate Ibm/s) Rate lbm/s) Ratio
obtain solutions. Boundary conditions weedso NPARC k€ 0.718 3.09 4.30
specified in a manner as similar as possible with alpaB k< 0.711 3.10 4.36
three codes. Atmospheric pressure was specified YIND k-¢ 0.713 3.13 4.39
the ejectorinflow while the total pressurspecified \WIND SST 0.713 3.14 4.40
for the primarynozzle was set to provide theozzle Experiment 0.707 3.30 4.67
pressure ratio set in the experimefmozzle total
pressure divided by atmospheric static pressure) to The number of iterations to obtain a

2.44. The outflow pressure was thetatic pressure Converged solution and the total CPU hoursed
measured in the experiment at approximaté:5 \ere determined as followlsr each code. Thérst
inches downstream of the primary nozzle exit. Tthquirement was that the L2 residu&rror was
total temperature of the primary nozzle was set tQequired to drop by at least 4 orders of magnitude for
644 R while the ambient temperature (550 R) wagach case. Secondly, the velocity at all poaitng

specified for the secondaryinflow. These total the nozzle centerline was monitoré@m oneset of
temperatures were specified exactly wiNPARC

NASA/TM—1999-209184 3



iterations to the next, with a set typicaldpnsisting pressure (to provide the design Mach number of 1.5)
of 500-1000 iterations. Eactase wasrun until all and exited into ambient air. These totainditions
centerline velocities did not change by madtean were used to specifiy inflow boundary conditions for
0.001 percent between sets, and we coualssume each code as was dofiar the ejector nozzlecase.
that a final answer had been reached. Tha@he surroundingambient air was modeled as having
“converged solution” point was therfound by a freestream Mach number .01 to prevent
examining centerline velocitierom previous sets, convergence difficulties.
and finding the first solution in which attenterline
velocities were within0.01 percent of the final Due to geometric symmetry along the major
values. and minor axes, only a 90 degree section of the
nozzle was modeled in thisstudy. A three
Table 2 provides convergence informationdimensional grid having 121 points in thaxial
for the four solutions obtained for this two- direction, 91 points in the radial directiofgoing
dimensional ejector nozzle case. It shouldnitked outward from the jet centerline), and 25 points in the
that for this case, the NPARC solution had the circumferential direction (spanninghrough the 90
advantage of having beemn with the NPARC2D degree segment from the major axis symmeiigne
code, which does not have theadditional to minor axis symmetry plane) was constructed. This
computational overhead associatedth the three grid waspacked to solid surfaces such that fiirst
dimensional codes, while the PAB anW/IND  point off of the wall corresponded to a y+ between 1
solutions were obtained with the single version ofand 2, as was donfor the two-dimensionakjector
each of these codes that is uded both two and nozzle. A single block grid (withappropriate
three dimensional cases. Since most realistezzle internal boundaries) was used with the NPARC code.
configurations have three dimensional For PAB, the grid was split into three bloci@ the
characteristics, itwill be more meaningful to internal nozzle, freestreaminflow, and plume
examine the convergence informatidor the next regions. For WIND, the grid structure wdsrther
case, an elliptic nozzle,which required three modified to split the plume block intdour blocks
dimensional calculations with all codes. dddition, (for a total of six grid blocks). This was done to
full advantage of thegrid sequencingcapability of enable the WIND code to run efficiently with
PAB was not made, since we monitoreitbw  multiple processors.
guantities on the finest grid todetermine
convergence. Only the first 1000 iterations of the In the figures referred to in the following
PAB solution were made with a grid having dm&lf  discussion, all positions are normalized by the
the number of points of the baselirgid in each nozzle exit area equivalent diameter awnelocities

computational direction. are normalized by the ideal jet exit velocity. A
comparison of the jet centerline velocity decay is
Table 2. Convergence Information for Two- shown in Fig. 5. The initiadecay of the NPARC
Dimensional Ejector Nozzle Calculations solution is somewhat faster than the other solutions
CPU hours and experimental data, bdarther downstream, the
Case Iterations (SGI R10000) rate of decay of allfour solutions approaches the
NPARC k€ 28000 33 same asymptotic level. Figure 6 compasedocity
PAB k-€ 8000 43 profiles from the calculations to experimental data at
WIND k-¢ 25000 33.1 several axial locations along the plane of the major
WIND SST 10000 9.6 axis. The velocity profilesrom the calculations are
very similar, exceptfor the lower peak velocity of
Elliptic Nozzle the NPARC solution at X/ = 7.6 and10.1. Figure

The e||iptic nozzle examined in this StudyG shows that none of the VE|OCity profilesbtained
was that tested by Seiner and Ponton (Ref. 18). Aom the calculations matches the experimentata
schematic of the convergent-divergent nozzle igvell in terms of capturing the details of trehear
shown in Fig. 4 and had an exit area of 1.571with  layer growth. ~As aresult, examining only the
an aspect ratio (major axis diameter divided bycenterline velocity decay results in Fig. 5 migad
minor axis diameter) of 2. The nozzle wagerated t0 the incorrect conclusion that the Navier-Stokes
at 564 R total temperature and a total pressurgalculations are accurately modeling thew found
corresponding to 3.6%imes the freestreanstatic in the experiment.
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Turbulent viscosity profiles along thplane grid in each computational direction was udedthe
of the major axis at two axial positions in tebear first 1000 iterations of the PAB calculation.
layer, X/D., = 3.8 and X/, = 10.1, are shown in Fig.

7. It is interesting to note that the two solutions Table 3. Convergence Information
obtained with the same turbulence model in different for Elliptic Nozzle Calculations
codes (the Chien k-model in NPARC and WIND) CPU hours
predicted very similar development of turbulent Case Iterations (SGI R10000)
viscosity. This was also the&ase for the two- NPARC k€ 35000 404
dimensional ejector nozzl#ow, as shown in Fig. 3. PAB k- 9000 110
Velocity and turbulent viscosity profiles along the WIND k-¢ 22000 161
plane of the minor axis are shown in Figs. 8 and 9 \WIND SST 17000 114

respectively. The behavior of the solutions is very

similar to that observed along the major axis, with

the NPARC solution having a lower peak velocity at Code-Specific Findinas

X/Deq = 7.6 and 10.1 than the other solutions. Further In this section, some additional codssues

examination of the velocity profiles at X/P= 10.1  that arose during this study are presented.

in Figs. 6(d) and 8(d) indicates that thalculations

predict a shear layer thinner than tegperimental NPARC: Unlike the PAB and WINDcodes, the

data along the major axis, but wider than theNPARC code uses central differencinfpr the

experimental data along the minor axis. That is, théhviscid fluxes, which requires explicitartificial

calculations all predict that the initially elliptic jet viscosity for code stability. NPARC usesvariation

becomes moreound downstream of thaozzle exit of the Jameson teChniqufg)r Computing artificial

than that indicated by experimental data. Thejiscosity (Ref. 19) Although minimizing thievels

inability of the codes to correctly capture thieree of artificial viscosity is desirabldor code accuracy,

dimensional effects of this elliptic jet may likely be some artificial viscosity is usually necessary for

due to the isotropic turbulence models u$adall of obtaining a Converged solution. As a result, an

the calculations. incompressible flat plateflow having extensive

experimental data availablérom Wieghardt (Ref.

The same convergence criteria described Q) was examined to determine the effects of

the previous sectioffor the two-dimensionakjector  settings for the second andourth coefficients of
nozzle case was used hei@ the elliptic nozzle. artificial viscosity (termed DIS2 and DIS4,

This information is provided in Table JBubstantial respective|y) on turbulentflow predictions_ A
differences between the CPU requiremefatsthese  comparison of velocity profiles did ndhdicate any
three dimensional calculations and those of theticeable differences among five solutiomistained
previous two-dimensional case may dleserved. In by varying the coefficientsfrom DIS2 = 0.25 and
particular, NPARC took substantially longer than thep|S4 = 0.64(the NPARC default values) tBIS2 =

other codes to obtain a converged solutfon the 0,00 and DIS4 = 0.00 (ncartificial viscosity).
three dimensional eIIiptiC nozzle. As mentioned inHowever' a Comparison of skin friction a|ong tHat

the previous section, NPARC required the least CPWjate in Fig. 10shows that variation of theecond
resourcesfor the two-dimensional ejectomozzle and fourth artificial viscosity coefficients has an

case becausenly NPARC has a separate code foreffect on the near wall behavior.

two-dimensional calculations. For both of thezzle

cases discussed in this report, NPARC required the For the nozzleflows investigated in the
most iterations to obtain a converged solution. Istudy, the lowest levels of artificial viscosity which
should also be noted that the reported NPARC CP@nab|ed Converged solutions to be obtainedre
requirements are the total CPU hours requiddle DIS2 = 0.10 and DIS4 ©.30. An NPARC solution
using six processors, and the WIND CPU hours ar@btained for the elliptic nozzle flow with DIS2 €25
from using three processors, both on an $6Wer and DIS4 = 0.64 produced elocity profile at the
Challenge computer. A multiple processor version ohozzle exit with a slightly lower corflow velocity
the PAB code was releasetliring the time ofthis  than that obtained with DIS2 = 0.10 and DIS4.30.
StUdy, but was not used for these nozeddculations. In the region where the e||iptiC iet mixed with

As was donefor the ejector nozzle case, @rid ambient air, however, no noticeable differences were
having one half the number of grid points of fireal  gpserved.
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PAB: In becoming familiar with the PAB code, we outflow block boundary. It may be moexcurate to
first examined the same flat platBbow used to use a higher order extrapolatioespecially for block
evaluate NPARC, in order to determine the effects ofnterfaces where large gradients in thebulence
input settings unique to the PAB code. Figure 1dnodel quantities are expected.
presents the results of varying the freestream lower
limits of turbulent viscosity (normalized by the A second issue with the WIND code was the
reference  molecular viscosity) andturbulence inability to specify the total temperature exactly at
intensity for this flat plateflow while using the Roe an inflow. The boundaryconditions used most
inviscid flux splitting scheme. It may be observed infrequently at inflows using NPARC and PA&perate
Fig. 11 that using the default valuefor these the same in that total pressure and tdeahperature
guantities (turbulent viscosity ratio =0.10 and are specified as inputs and then are hetmhstant
turbulent intensity = .001) results in a bound&yer throughout the calculations. With WIND, the
profile that differs substantially from solutions boundary condition used for such inflows is known as
obtained with higher turbulent viscosity rationits  an arbitrary inflow, in whichcharacteristic variables
and the experimental data. Further examination dfincluding total pressure but not totaémperature)
the quantities near the boundary layer edydicated are held constant at amflow. For the nozzle
an abrupt change in the medlow and turbulent calculations discussed in this report, theflow
guantities to the freestream values, instead of thquantities specified withWIND were specified
more gradual changé&om the upper portion of the carefully to try tomatch the total temperaturesed
boundary layer into the freestream. In response, theith NPARC and PAB, but it was not possible to
main author of PAB suggested that the resulthave an exact match at all of theflow boundary
obtained with the low turbulent viscosity limivere  points.
due to the low levels of implicit artificiaviscosity
associated with the Roe flux splitting scheme Summary of Results
In this study, three Navier-Stokes solvers
Varying these turbulence model limiters in a(NPARC, PAB, andWIND-formerly NASTD) used
similar manner for the nozzle casesdiscussed by members of different organizationswere
previously in this report did not result in as large ofinvestigated at one sitéor two high speed nozzle
an effect on the boundary layer profiles in theflows - a two-dimensionalejector nozzle and an
isolated flows upstream of the mixing regions, nor irelliptic nozzle. The objective was to determine the
the mixing regions. However, furthexamination of relative capabilities and differences of thesedes
the effects of the PAB turbulent viscosity ratio andwhen using similar two-equation turbulenceodels
turbulence intensity limits may be warranted,and a common baseline computatiorgid. The
particularly for determining effects of theseettings major observations from this study may be grouped
on the complicated wallboundary layers within into two categories, thdirst being accuracy of the
mixer ejector inlets. code solutions when compared to experimerttata
and the second of relative performance of tioges,
WIND (NASTD): One issue that arose with the including computational cost.
WIND code was thetreatment of turbulentflow
guantities at block interfaces. Figure Xhows All of the codes were able to predict the
turbulent viscosity along the centerline obtained withtwo-dimensional ejector nozzleflow relatively
the WIND code using both the Chienekand SST accurately. The calculations seemed to overpredict
turbulence models, with the symbols representing théhe peak velocity at axial locations close to the
turbulent viscosity values at the exagrid point primary nozzle exit, but the agreement of all of the
locations. One of the block boundaries for tND  solutions with  experimental data improved
calculations was located at X/P= 24.6. That is, downstream. In addition, all of thealculations
the computational plane at this streamwlseation indicated somewhat lower ejector pumpingtios
is the interface of two blocks in the mixirgection. than that obtained from the experimental data.
It may be observed that the turbulent viscosity at
XD, = 24.6 and the first point upstream are Comparisons of calculations with
identical, although the surrounding points for both theexperimental datafor the elliptic nozzle case
Chien ke and SST solutions have a gradi¢imtough indicated that none of the codes was able to
this region. This behavior is due to the zero-ordeaccurately model the three dimensional mixing layer.
extrapolation of the turbulence variables at arin particular, all of the calculations indicatetthat
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the initially elliptic jet (with a 2:1 major axis to necessary to take into account code features unique
minor axis ratio) became round much fastethan to each of theflow solvers, andmake necessary
indicated by experimental data. This observatioradjustments when possible to obtasomparable
was made only after examining the velocity profilesresults.
along the major and minor axes; examining only the
centerline velocity behavior may lead to the The code-specific feature®und during the
incorrect conclusion that the agreement of all of theeourse of this study can affect solutions to varying
solutions with experimental data wagod. This extents and likely do not represent a complete list of
failure of the codes to predict the thrdemnensional differences between codes. They should, however,
behavior of the elliptic jet is most likely due to the emphasize the importance of continually identifying
limitations of the two-equation turbulencmodels such code differences and constructindoamalized
used witheach code, all of which assumel@cally set of inputs and other settingar each of thecodes
isotropic turbulent state. used, in order to obtain resulfsom different codes
that will be comparable in a single reseaprogram.

In comparing calculationérom the different Continual validation of the codes used single
codes to each othdor boththe ejector nozzle and research program against a set of spediftmchmark
elliptic nozzle cases, all of theolutions provided test cases which have three dimensiorfidw
similar predictions of meaflow shear layermixing features representative of  more realistic
guantities, and for the ejector nozzle, similar configurations is also recommendegspecially with
predictions of mass flow rates in the primary andhe frequent release of new versionspobduction-
secondary streams. From the profiles of turbulentise Navier-Stokes solvers like NPARC, PAB, and
viscosity for both nozzle flows, the mosinteresting WIND.
observation was that the Chiereknodel installed in
NPARC and WIND operated very similarly. To Two issues regarding post-processing should
compare computational costs using each of thalso be addressed. The first is tiiat finite volume
codes, it is probably only meaningful to consider thecodes that storflow information at thecell centers
three dimensional calculation of the elliptic jet; as(like PAB) instead of at the actual node pointare
the two-dimensional ejector casen with NPARC must be taken in transferrinffow quantities from
used the version of the code specificatignstructed cell centers back to the computational grid points, or
for two-dimensional cases. For the thmdienensional the reverse as the case niag. The second ithat
elliptic nozzle case,PAB and WIND provided post-processing techniques used at differsites
converged solutions at a significantly lower ctisan may also be responsiblor differences in reported
NPARC (measured in CPHours on an SGI Power results, and efforts should be undertakenidentify
Challenge), and in significantly fewer iterations. such discrepancies.

Finally, a sectionfollowing the ejector ancelliptic

nozzle results provided soméndings specific to The results of this and other studibswve
each of the three codes includingecessary shown that two-equation turbulence models such as
modifications to standard code inputs and issues fdt-¢ have definite limitations when applied to

further investigation. realistic three dimensionalflows. No special
corrections or sets of constants for these motalse

Concluding Remarks shown to be universally bettéor such complexflow
In considering all of these observations, weproblems. Unfortunately, more sophisticated

conclude that it should be possible tobtain turbulence models such as full Reynolddgress
relatively similar results across organizations usingnodels are neither likely to be readily installed in
different favored Navier-Stokes codes, as was thproduction-use Navier-Stokes solvers, nor dney
general conclusion oRef.1. However, theresults guaranteed to provide substantially moaecurate
discussed in this study were obtained afteking solutions (Refs. 21 and 22). Advanceéechniques
several steps to operate the codes as similarly a&sich as large eddy simulations may hold promise for
possible, including using the sameomputational improved predictions several years in theture.
grid for each code, using similar turbulenceodels Until these advances are made, however, we will
with all special corrections (i.efor compressibility) probably be limited to two-equatiorturbulence
turned off, and post-processing theonverged models and need to continue to determine their
solutions with a single technique. It was also limitations and range of applicability.
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